Abstract: Immobilization in hospitalized medical patients or during simulation of spaceflight induced deconditioning has been shown to be associated with loss of muscle mass and bone. Resistance vibrating exercise (RVE) and/or high protein diet are countermeasures, which are capable of mitigating the adverse effects of immobilization. We investigated the effect of these countermeasures on the coagulation system. Two groups of volunteers, each of whom performed such countermeasures, were enrolled in the study. Volunteers, who did nothing while bed rested, served as controls.
INTRODUCTION

B
edrest studies are a suitable tool to simulate and understand changes in bedridden individuals on Earth as well as astronauts' bodies in space. 1, 2 In a previous study we have already reported on the effects of head down bed rest (HDBR) on the coagulation system in the inactive (control) group. Although it is widely believed that bed-rest shifts the hemostatic system toward hypercoagulation, we could not find evidence for this assumption. To the contrary, several parameters seem to indicate a tendency toward a bed-rest-induced hypocoagulable state. 3 The present study was undertaken in order to evaluate the influence of immobilization and established countermeasures such as exercise and nutrition on the human blood coagulation system. This is especially important, as several studies have suggested that both resistance exercise as well as high-protein intake might affect the coagulation system. [4] [5] [6] For example, despite using different methodologies, studies investigating the effects of resistance exercise on the hemostatic system have consistently reported increases in t-PA levels in response to resistance training. [4] [5] [6] Data reporting the effects of high protein intake on the coagulation system are, however, contradictory at this point. On one hand it has been shown that high protein intake has prothrombotic effects, as it increases the fibrinogen levels 7 and decreases bleeding times. 8 On the other hand, it has been shown that high protein intake is associated with a decreased capability of plasma to generate thrombin, the pivotal enzyme in hemostasis. 9 This study was carried out in 11 healthy men who underwent 21 days of strict 68 HDBR. This position is traditionally used by space agencies to simulate the fluid shifts that occur during transitions to microgravity. 10 The volunteers were divided into 3 groups. Two groups performed countermeasures suitable for mitigating the effects of microgravity on the human body, for example, muscle mass and bone mineral loss. The first group performed resistance vibrating exercises while in the HDBR position (RVE group). The second group also performed RVE in the HDBR position but received nutritional supplements of whey protein, typically used by bodybuilders (Nutrition and eXercise, NeX group). The last group spent 21 days in bed without any countermeasures (control group). Investigated in this study was the effect of bed rest immobilization on the coagulation system in 2 groups following countermeasure protocols (RVE and NeX) and whether this differed from that in the control group.
The effect of bed-rest immobilization on the coagulation system in the 3 groups was evaluated using highly sensitive techniques such as calibrated automated thrombography (CAT) [11] [12] and tissue factor (TF) triggered thrombelastometry (TEM). [13] [14] These measurements are highly sensitive and provide a close to the in vivo situation assessments of how bed rest could potentially affect the coagulation status. Furthermore, following key parameters were monitored: prothrombin fragment 1þ2 (F 1þ2), thrombin/antithrombin-complex (TAT), prothrombin (FII), FVII, FVIII as well as tissue-plasminogen activator (t-PA), a marker of endothelial activation. As several groups have reported impaired clot development in the presence of increasing amounts of t-PA, [15] [16] [17] we monitored t-PA plasma levels as well as thrombelastometric profiles throughout the study protocol.
MATERIALS AND METHODS
The bed rest study, with and without interventions, took place at the Institute for Space Medicine and Physiology, MEDES Clinique d'Investigation, Toulouse, France, as described previously. 3 This ''Medium duration Nutrition and vibration eXercise'' (MNX) study was conducted under the leadership of the French and European Space Agencies. Ethical approval was obtained from the local ethics committee at MEDES, Toulouse, France. This study was carried out in accordance with the Declaration of Helsinki guidelines for research on human subjects (1989) . All the subjects were asked to provide informed written consent before participating in this study. The written consent forms are stored at the MEDES clinic in Toulouse.
Subjects and Bedrest Design
Medically and psychologically healthy male volunteers (n ¼ 11) were recruited to undergo 21 day of 68 head down bed rest (HDBR). Subjects characteristics, medical check-up, inclusion and exclusion criteria, as well as dropout criteria and study design have been described previously. 3 In brief, this prospective, randomized crossover study was conducted in 3 campaigns each lasting 35 days (including an ambulatory period of 7 days before bed rest, followed by 21 days of bed rest, and an ambulatory recovery period of 7 days after bed rest). The volunteers were subdivided into 3 groups (RVE, NeX, and control group) randomly, and each volunteer carried out the 3 protocols (after carrying 1 session each volunteer returned to MEDES for 2 more sessions, having 4 month between each bed rest session to recuperate).
Resistive Vibration Exercise (RVE) Group
During the bed rest period, the volunteers from this group performed physical training twice a week. Following this fixed schedule, they were transferred while in 68head down position onto a vibrating platform exercising leg muscles while absorbing the up-and-down motion on a machine specially designed for this purpose. The volunteers were pulled onto the plates with a force equivalent to 100-200 kg while performing upsidedown leg-presses for a few minutes.
Nutrition and Exercise (NeX) Group
During the bed-rest period, the volunteers performed the same physical training as the RVE group, but received a different daily diet: the amount of protein was increased with additional intake of whey protein and potassium bicarbonate, administered with main meals and snacks (6 times/day)
Control (Sedentary; Only Bedrested) Group
These volunteers did not perform physical training and followed a standard controlled diet. The effects of bed rest on the coagulation system of these volunteers have been described previously. 3 This group served in the present study as a control in order to assess the effects of bed rest on the coagulation system in the RVE and in the NeX group.
Devices
Calibrated automated thrombography (CAT) (obtained from Thrombinoscope BV, Maastricht, the Netherlands) was used for monitoring thrombin generation curves. A TEM coagulation analyzer (ROTEM 1 05) was also used (obtained from Matel Medizintechnik, Graz, Austria).
Blood Sampling
Blood sampling was performed as described previously 3 : 5 days before commencement of bed rest (BDC-5), 2nd day of bed rest (HDT 2), 7th (HDT 7), 14th (HDT 14), 21st (HDT 21) day of bed rest, 1st day following bed-rest/recovery (R0), and the 2nd day following bed rest/recovery (R2).
Automated Fluorogenic Measurement of the Thrombin Generation
Thrombin generation measurement was performed using CAT as reported previously. 3 The plasma sample's ability to generate thrombin was measured briefly using: (i) lag time: lag time preceding the thrombin burst; (ii) ETP: endogenous thrombin potential; iii) Peak: peak height; (iv) ttPeak: time to peak; (v) [peak thrombin/(peak time -lag time)] (VELIN-DEX): peak rate of thrombin generation, and (vi) StartTail: the time point at which free thrombin disappears. All these assessments were done in the presence of low amounts (5 pmol/l final concentration) of tissue factor (TF), which allowed sensitive detection of thrombin formation.
Tissue Factor Triggered TEM Assay
As previously reported the TEM was performed on a coagulation analyzer. 3 Using the thrombelastometer, we obtained: (i) the period of time from initiation of the test to the initial fibrin formation: coagulation time (CT); (ii) time of beginning of clot formation until the amplitude of thrombelastogram reaches 20 mm; clot formation time (CFT); (iii) the maximum strength of the final clot (in mm): maximum clot firmness (MCF); and (iv) the angle between the line in the middle of the TEG tracing and the line tangential to the developing ''body'' of the TEG tracing: alpha angle. This angle provides information regarding the kinetics of fibrin build up and cross-linking (see Sorensen et al (2003) 13 ).
Standard Laboratory Tests
BM/Hitachi 917 (Roche, Vienna, Austria) was used for determining FII, FVII, and FVIII levels. ELISA kits (Behring Diagnostics GmbH, Marburg, Germany) were used for measuring prothrombin fragment 1 þ 2 (F 1þ 2) and thrombin-antithrombin complexes (TAT) in the plasma. Finally, IMUBIND tPA ELISA kit (American Diagnostica, Pfungstadt, Germany) was used to assess Tissue-Plasminogen Activator concentrations.
Statistics
Differences of the mean values of the measured variables in the 3 groups of subjects were tested by analysis of variance for repeated measurements, using the time variable as defining the repetition variable. In order to exclude a possible interaction between the group variable and the time variable, the respective interaction term was also included in the analyses. For all variables, this interaction term proved to be statistically insignificant. Graphically, the data were visualized by box plots. Furthermore, differences in the distributions of 2 selected measurements were tested by Student's t test for paired samples. Statistical calculations were performed using a commercial software package (Stata Statistical Software: Release 13. Stata Corporation, College Station, TX).
RESULTS
The subject characteristics have been described in Ref. [3] . Briefly, they were healthy men (n ¼ 11) of age 34.3 AE 8.3 years (mean AE SD), height 1.76 AE 0.06 m, weight 69.8 AE 8.0 kg, and BMI 22.4 AE 1.7. These subjects were selected to take part in the study following comprehensive screening with strict inclusion and exclusion criteria (detailed in Ref. [3] ).
Effects of Bedrest on CAT Values
No significant effect of 21 days of bed rest was observed for lag times, ETP (total amounts of thrombin, and StartTail in all 3 groups (control, RVE, and NeX).
There was no difference in the groups with respect to the effects of bed rest on Peak (Figure 1 ) as well as on VELINDEX (Figure 2) . At HDT2, both Peak (the maximum concentration of thrombin achieved during the process of clotting) as well as VELINDEX (velocity of thrombin formation) reached a minimum. Both parameters reached baseline (BDC) levels by the end of bed rest (HDT21). Our results suggest that the initial re-ambulation period (1st and 2nd day of recovery) may be associated with a hypercoagulable state. In all 3 groups, ttPeak reduced during the bed-rest period and it reached statistical difference during the re-ambulation period when compared to baseline (P ¼ 0.001 for overall longitudinal analysis: Figure 3 ). This indicates that the thrombin peak during re-ambulation is accomplished faster as compared to baseline (BDC-5). The shortening of ttPeak was similar in all 3 groups.
Bedrest Effects on TEM Values
No difference among groups was seen with respect to the effects of bed rest on CT values (Figure 4 ). Bedrest was accompanied by prolongation of the CT values in all 3 groups and the prolongation of CTs was similar in all 3 groups (Figure 4 ). This suggests that bed rest may be accompanied with (transient) hypocoagulability.
On recovery day 2, CTs decreased again and approached basal values.
MCF showed no significant time effect during bed rest immobilization and re-ambulation in all 3 groups. Alpha angles decreased significantly during bed rest immobilization only in the control group (P ¼ 0.001 for overall longitudinal analysis) but returned to basal values during re-ambulation (data not shown). In the RVE and in the NeX group, immobilization had no significant effect on alpha angles.
Bedrest Effects on Plasma F1 R 2 and TAT Levels
In all 3 groups, F1 þ 2 levels decreased significantly during bed rest when compared to basal values (P ¼ 0.001 for overall longitudinal analysis) but returned to basal control values during re-ambulation (R0). The decrease was similar in all 3 groups ( Figure 5 ). Interestingly, F1 þ 2 levels were significantly elevated at R2 (as compared to R0) in the control and in the RVE group. In the NeX group, same F1 þ 2 levels were observed at R0 and R2.
TAT levels significantly reduced during bed rest only in the control group compared to baseline (P ¼ 0.001 for overall longitudinal analysis) and returned to basal values during reambulation (data not shown). In the RVE and in the NeX groups, bed rest and re-ambulation did not affect the TAT levels (data not shown).
Effects of Bedrest on Coagulation Factor Levels
In all 3 groups, no significant effects of bed rest and reambulation on FII plasma levels were observed. In all 3 groups, plasma FVII levels were reduced during bed rest but returned to basal values toward the end of bed rest (HDT21). In the control group, but not in the RVE and in the NeX groups, FVII levels were significantly higher in the re-ambulation period (P < 0.05) compared to baseline (BDC-5). FVIII levels showed no significant time effect in all 3 groups during the bed-rest period. In all 3 groups, FVIII levels were higher during the re-ambulatory period as compared to basal values (BDC-5, P < 0.05, data not shown).
Effects of Bedrest on Endothelial Activation
Bedrest and re-ambulation had no significant effect on t-PA plasma levels in all 3 groups (data not shown). In the control and in the NeX groups, peak was significantly higher at R0 and R2 compared to baseline (BDC-5, P < 0.05). Data are expressed as means AE SD.
Ã P < 0.05; ÃÃ P < 0.01; ÃÃÃ P < 0.001 compared to the respective BDC-5.
DISCUSSION
In a recent study we reported that bed rest per se, although generally assumed, is not associated with a shift toward a hypercoagulable state. Several coagulation parameters suggested a tendency toward hypocoagulability during bed rest. 3 The present study is based on our previous study but focuses on the effects of immobilization on the coagulation system in 2 different groups of volunteers, each performing countermeasures against bed-rest-associated muscle mass and bone mineral loss (RVE and NeX groups, respectively). As both resistance exercise and high protein intake have been shown to influence the blood coagulation system, 7-9 a different hemostatic response toward bed rest could be expected in the 2 exercise groups compared to control (inactive) subjects.
However, the effects of bed rest on the coagulation system for both exercise groups were similar to that for the (inactive) control group. Peak, VELINDEX, and F1 þ 2 in the exercise groups were decreased during bed rest and CT values were prolonged during bed rest to the same degree as already shown for control subjects. Thus, bed rest is apparently associated with a diminished capability of plasma to generate thrombin, the pivotal enzyme of hemostasis. Our findings, therefore, suggest that bed rest is not associated with a shift toward hyper-but rather toward hypocoagulability, regardless of whether subjects are inactive or follow an exercise protocol. This is in accordance with 2 previous studies, which also reported that bed rest does not drastically alter the hemostatic system in immobilized as well as in subjects performing physical training. [18] [19] In addition, another study reported that long-term supine bed rest FIGURE 2. Effect of bed rest on VELINDEX. Longitudinal observation of the effects of bed rest and re-ambulation on VELINDEX. At HDBR2, VELINDEX reached a minimum and reached baseline levels at the end of bed rest (HDBR21) in all 3 groups. In the control and in the NeX groups, VELINDEX was significantly higher at R0 and R2 compared to baseline (BDC-5, P < 0.01). Data are expressed as means AE SD.
Ã P < 0.05; ÃÃ P < 0.01; ÃÃÃ P < 0.001 compared to the respective BDC-5. HDBR ¼ head down bed rest, SD ¼ standard deviation.
FIGURE 3. Effect of bed rest on ttPeak. Longitudinal observation of the effects of bed rest and re-ambulation on ttPeak. In the reambulation period (R0 and R2), ttPeak was significantly shorter compared to baseline levels (BDC-5) in all 3 groups (P ¼ 0.001 for overall longitudinal analysis). Data are expressed as means AE SD. Ã P < 0.05; ÃÃ P < 0.01; ÃÃÃ P < 0.001 compared to the respective BDC-5. SD ¼ standard deviation. FIGURE 5. Effect of bed rest on F1 þ 2. Longitudinal observation of the effects of bed rest and re-ambulation on F1 þ 2 plasma levels. In all 3 groups, F1 þ 2 levels decreased to a similar extent during bed rest compared to baseline (P ¼ 0.001 for overall longitudinal analysis) and returned to baseline in the re-ambulation period (R0). In the control and in the RVE groups, F1 þ 2 plasma levels were significantly higher at R2 compared to baseline (BDC-5, P < 0.05). Data are expressed as means AE SD. Ã P < 0.05; ÃÃ P < 0.01; ÃÃÃ P < 0.001 compared to the respective BDC-5. RVE ¼ Resistance vibrating exercise, SD ¼ standard deviation.
immobilization or prolonged hypoxia does not affect blood coagulation. 20 These results, however, are in contrast to those reported by Broderick et al in 2009, who observed that short periods of bed rest reduce lower limb blood flow and thus affect deep vein thrombosis (DVT) development 21 . Moreover, as already shown for the inactive control group, re-ambulation appears to be associated with a shift toward hypercoagulability in the 2 exercising groups. ttPeak was significantly shorter during re-ambulation as compared to baseline (BDC-5, P < 0.01). Peak and VELINDEX were significantly higher in the NeX group (P < 0.05 and P < 0.01, respectively) and F1 þ 2 levels were significantly higher in the RVE group (P < 0.05) compared to the respective baseline levels (BDC-5). Our findings indicate that the re-ambulation (wherein the subjects assume the upright posture) in both inactive and active bed rested subjects is associated with a shift toward hypercoagulability. This might be attributed to the fact that standing increases the hydrostatic pressure in the lower part of the body, causing shear stress acting on the vessel wall, followed by release of procoagulant triggers such as tissue factor and von Willebrand factor. [22] [23] A limitation of this study is that the absolute numbers of all changes of the coagulation parameters presented herein are relatively small. All coagulation parameters remained within their respective reference ranges 24 throughout the whole study protocol. Therefore, the few bed-rest-related differences between groups must not be over-interpreted. For example, alpha angles significantly decreased during bed rest in the inactive-but not in the exercise-groups. This indicates an impaired fibrin built-up and, thus, a (transient) hypocoagulable state during bed rest in inactive subjects. Further studies are needed to verify this result.
Clinical Applications
Our results suggest that prolonged immobilization of up to 3 weeks apparently has no influence on the coagulation system. As immobilization can arise due to disabilities or disease conditions, our results are particularly important in clinical care. We therefore suggest that only hospitalized medical patients at an elevated risk for thrombosis should be treated with anticoagulants; this is in accordance with the clinical practice guidelines of the American College of Chest Physicians 25 . Additionally, countermeasures to mitigate muscle mass and bone mineral loss (RVE, high protein diet) can be performed without deleterious effects on the coagulation system. This finding is also important as interventions such as exercise and nutrition supplementation are commonly provided to immobilized subjects (in addition to physiotherapy) for early re-ambulation.
Remarkably, not the bed-rest period but the re-ambulation period (during which subjects stand-up following 3 weeks of immobilization) is apparently associated with a slight but significant shift toward hypercoagulability. Therefore, recovered bedridden subjects have to be adapted to the upright position gradually and carefully.
CONCLUSION
Our results suggest that the hemostatic system of healthy men is apparently in a well-balanced state during immobilization. Bedrest in inactive as well as in subjects performing countermeasure exercises does not cause clinically relevant changes in the hemostatic system.
